We demonstrate that individual elliptical galaxies and clusters of galaxies form a continuous X-ray luminosity-velocity dispersion (L X − σ) relation. Our samples of 280 clusters and 57 galaxies have L X ∝ σ 4.4 and L X ∝ σ 10 , respectively. This unified L X − σ relation spans 8 orders of magnitude in L X and is fully consistent with the observed and theoretical luminosity-temperature scaling laws. Our results support the notion that galaxies and clusters of galaxies are the luminous tracers of similar dark matter halos.
introduction
X-ray observations of galaxy clusters show that gas and dark matter halos dominate the gravitational potentials of these 10 12 -10 16 M ⊙ systems. Measurements of the temperature and luminosity of the gas can probe the mass spectrum of clusters and thus provide a test of cosmological models (Markevitch 1998; Henry 2000) . Crucial to these tests is the idea that clusters are a homologous set of objects with simple physical properties: that the least massive clusters are essentially the same kind of object as the gargantuan, and that simple scaling laws link observables such the X-ray luminosity L X , temperature T , and the galaxy velocity dispersion σ for clusters of all masses.
Basic theoretical models, which assume hydrostatic equilibrium among the gas, galaxy, and dark matter components, yield L X ∝ T 2 ∝ σ 4 for bremsstrahlungdominated emission (Quintana & Melnick 1982; Eke et al. 1998) . Observational tests of these models reveal several discrepancies. First, for many samples of clusters, data from both the Einstein and ROSAT satellites yields L X ∝ T 2.5−3 ∝ σ 4−5 (Mushotzky & Scharf 1997; Mulchaey & Zabludoff 1998) . Various mechanisms-the systematic variation of the cluster baryon fraction with T (David et al. 1993) , or cooling flows (Allen & Fabian 1998 )-may be responsible for the overall difference in slope.
A further complication, however, is that the deviations from the simple theoretical models appear to depend on T and σ, and thus break the supposed self-similarity of galaxy clusters. A smooth transition from L X ∝ T 2.5 to L X ∝ T 5 occurs around kT < ∼ 2 keV (Ponman et al. 1996; Helsdon & Ponman 2000) , possibly because of nongravitational heating of the cluster gas due to, e.g., supernova explosions or shocks (Kaiser 1991; Cavaliere, Menci, & Tozzi 1998; Tozzi, Scharf, & Norman 2000; Lloyd-Davies, Ponman, & Cannon 2000) . Oddly, a similar steepening is not observed in the L X − σ relation (Mulchaey & Zabludoff 1998; Mahdavi et al. 2000) .
Resolving the discrepancy between these cluster scaling relations requires a much larger sample of objects with known kT < ∼ 2 keV and σ < ∼ 350 km s −1 . The obvious approach is to undertake an extensive search for poor groups of galaxies; here we include two recent surveys for X-ray emission from these systems (Helsdon & Ponman 2000; Mahdavi et al. 2000) .
Another approach is to regard individual, X-ray emitting elliptical galaxies as low-mass extensions of clusters. In N-body simulations of structure formation, dark matter halos are a single class of objects regardless of mass; galaxies and clusters are just luminous tracers of the halos. In particular, halos in the simulations of (Navarro, Frenk, & White 1997, NFW) have density profiles with a shape independent of the halo mass. The NFW profile is consistent with kinematic data for individual elliptical galaxies (Sato et al. 2000) as well as with rich cluster data (Nevalainen, Markevitch, & Forman 2000; Geller, Diaferio, & Kurtz 1999; Rines et al. 2000) . This agreement suggests that cluster and galaxy scaling laws are related. As an example, we demonstrate that galaxies and systems of galaxies form a single, well defined relation in the L X − σ plane. Throughout the paper we take H 0 = 50 km s −1 Mpc −1 .
sample
We construct a sample of galaxies and clusters of galaxies that is suitable for determining the shape of the L X − σ relation over several decades in luminosity and velocity dispersion. Because the relation is poorly constrained for the least luminous systems of galaxies (L X < 10 43 erg s −1 ), we have paid particular attention to increasing number of poor groups relative to previous analyses.
Our starting point is the catalog of clusters and groups assembled by Wu, Xue, & Fang (1999) and Xue & Wu (2000) . They gather velocity dispersions and standardized bolometric X-ray luminosities for 251 systems from the literature. We use two recent surveys for X-ray emission from groups (Mahdavi et al. 2000; Helsdon & Ponman 2000) to provide more accurate X-ray luminosities and to add 29 generally low L X objects to the sample. Wherever possible, we also update the velocity dispersions of systems from our ongoing deep redshift survey of poor groups (Mahdavi et al. 1999) , which has a limiting magnitude m B = 16.5 and which includes typically ≈ 20 members per system.
The sources for the galaxy sample are Einstein and 1 amahdavi@cfa.harvard.edu 2 mgeller@cfa.harvard.edu 1 Fig. 1 .-L X − σ relation for (a) galaxies and (b) clusters. The unified relation appears in (c). The dashed and solid lines show the best fit power laws for the galaxy and cluster samples, respectively. The error bars show the mean uncertainties in L X and σ for each sample.
ROSAT X-ray observations by Eskridge, Fabbiano, & Kim (1995) and Beuing et al. (1999) . We match the galaxies in these catalogs with the line-of-sight velocity dispersions measured by Faber et al. (1989) , obtaining 84 unique objects. We exclude all galaxies containing active galactic nuclei (AGN) by comparing our sample with the AGN catalog of Veron-Cetty & Veron (2000) .
Another problem is the excess X-ray emission associated with ellipticals that are the dominant central galaxies in groups (Helsdon et al. 2001 ). These galaxies have Xray atmospheres that stand out from the larger intragroup emission, yet are continuous with it. In examining their ROSAT observations of systems containing such galaxies, Mulchaey & Zabludoff (1998) and Helsdon & Ponman (2000) argue that the X-ray emission from dominant ellipticals is linked to the gravitational potential of the whole group. We therefore exclude all galaxies in Eskridge et al. (1995) and Beuing et al. (1999) with X-ray emission associated with a cluster or group. The final sample contains 57 uncontaminated galaxies; the 27 excluded galaxies show no L X − σ correlation.
We have put the galaxy X-ray luminosities on the same bolometric standard as the clusters, with the assumption that the X-ray emission is due to a thermal, optically thin plasma with kT = 1 keV and a metallicity equal to 30% the solar value. Because none of the authors provide error estimates for the galaxy L X and σ measurements, we assign an uncertainty of 30% to each of these quantities.
The full catalog, in which we list all 280 clusters and 84 galaxies with J2000 coordinates, redshifts, and names conforming to the NASA Extragalactic Database (NED) format, appears in Table 1 , and is available electronically at http://tdc-www.harvard.edu/lxsigma, as well as in the arXiv source distribution for this paper.
discussion
Here we evaluate the strength and shape of the correlation between X-ray luminosity and velocity dispersion for both clusters and individual galaxies. We model the L X − σ relation as a power law for each sample, and examine its consistency with the observed and theoretical gas temperature scaling laws.
To conduct a detailed statistical analysis of the two samples, we first calculate Kendall's τ as a measure of correlation between L X and σ. We then perform linear regression in log-log space by minimizing the error-weighted orthogonal distance to the straight line; see Press et al. (1992) and Lupton (1993) . The results appear in Table 2 and Figure  1 .
Clusters and elliptical galaxies define power laws in the L X − σ plane. The galaxies have highly correlated L X and σ (with a 10 −5 chance of a false correlation) and a very steep L X ∝ σ 10 . The clusters show a similarly robust correlation, but a shallower L X ∝ σ 4.4 . Table 2 and Figure 2 show that the galaxies have a much smaller scatter around the best fit line than do the clusters.
The galaxy scatter-0.1 dex on the average-is similar to that of the X-ray fundamental plane constructed by Fukugita & Peebles (1999, FP99) , who fit a relation of the form L X ∝ σ a r b , where r is the characteristic radius of the elliptical galaxy. Using a sample of 30 galaxies, FP99 show that the best fit a and b range from 0.8 − 4.0 and 0.6 − 2.3 respectively, depending on the data which determine r (X-ray or optical). The discrepancy between their a and the L X − σ slopes in Table 2 results from the strong correlation between r and the total system mass.
In contrast to the tightness of the galaxy L X −σ relation, the behavior of the poorest clusters of galaxies is puzzling. Groups with L X < ∼ 10 43 erg s −1 show only a weak correlation in the L X − σ plane (τ = 0.2, with a 1% chance of a false result). The scatter in the cluster L X −σ relation falls from 0.252 dex to 0.182 dex when we exclude poor groups. The groups with the largest fit residuals tend to be too bright for their velocity dispersions, an effect previously described by dell'Antonio, Geller, & Fabricant (1994) and Mahdavi et al. (2000) .
The large scatter in the L X −σ relation for galaxy groups may result from a nonequilibrium galaxy velocity distribution or from unresolved sources within the intragroup gas. XMM observations of the compact group HCG 16 (Turner et al. 2001) , for example, show that the bulk of the X-ray emission from this system is associated with the individual galaxies; a robust estimate of L X for systems like HCG 16 depends on a careful separation of the diffuse intragroup plasma from the galaxy emission. Thus deep optical redshift surveys and high resolution X-ray observations of more galaxy groups are necessary to reveal the nature of the large scatter in the L X − σ relation.
The unified L X − σ relation ( Figure 1c ) is physically consistent with the L X − T and σ − T relations for individual ellipticals and systems of galaxies. According to the cluster compilation of Xue & Wu (2000) ,
T ∝ σ 1.5±0.2 for all T (3) A compilation of elliptical galaxy temperatures by Davis & White (1996) has T ∝ σ 1.45±0.2 , consistent with the cluster result. Eliminating T from the above relations yields L X ∝ σ 4.2±0.4 and L X ∝ σ 8.4±2.9 for systems above and below the 10 43 erg s −1 break. These predictions match the results of our analysis (Table 2) . Differences in the gas content of ellipticals are a concern in interpreting these relations. The Einstein and ROSAT observations of X-ray faint ellipticals-those with the lowest ratios of X-ray to optical luminosity-are probably dominated by integrated, unresolved emission from low-mass X-ray binaries (LMXB). For example, Chandra observations of NGC 4697 resolve 60% of the emission into LMXBs, with another 20% due to unresolved LMXBs and only 20% of the emission due to the interstellar gas (Sarazin, Irwin, & Bregman 2000) . On the other hand, the bulk of the emission in the brightest ellipticals is from the hot ISM. Because both the gas content and the number of LMXBs of a galaxy should be related to its total mass, it is not surprising that we observe a tight L X − σ relation despite these physical differences.
Here we attempt to adjust the L X − σ relation for differences in the contribution of the galaxy ISM to the total X-ray luminosity. We assume that the total X-ray emission fraction from the ISM, f ISM , (1) is a function of the X-ray to optical emission ratio, L X /L B , and (2) is anchored at 20% by NGC 4697 and at 99% by NGC 5044, the brightest uncontaminated galaxy in our sample, where the emission is almost entirely from the hot ISM (Buote 2000) . Using the L X /L B data in Eskridge et al. (1995) , these assumptions yield
Eskridge et al. (1995) observe a significant correlation between the X-ray luminosity and X-ray to optical emission ratio:
. Combining this result with equation (4) and our L X − σ fit, we find
We conclude that the variation in the gas content of elliptical galaxies has only a mild effect on the galaxy L X − σ relation, steepening it within the measured uncertainties.
conclusion
Clusters of galaxies and elliptical galaxies form a continuous, well-defined relation in the L X −σ plane. The best-fit power laws have the form L X ∝ σ m , with m = 4.4
−0.3 and m = 10.2
The steepening of the L X − σ relation from clusters to individual galaxies supports models where the gaseous medium is preheated by supernova explosions or merging shocks, and is consistent with the observed L X − T and σ − T relations for galaxies and systems of galaxies. The systematic variation in the gas content of elliptical galaxies has a negligible effect on these results.
The scatter in the L X −σ relation is smallest at the scale of objects which are more likely to have reached dynamical equilibrium-rich clusters of galaxies and individual ellipticals. Poor groups of galaxies have the largest scatter, an indication that unresolved, embedded X-ray sources or a nonequilibrium galaxy velocity distribution affect the integrated properties of these systems.
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a Alternate names are indicated in the comment field.
b The X-ray luminosities have been standardized to bolometric.
c H: X-ray luminosity from Helsdon & Ponman (2000) ; R: X-ray luminosity and velocity dispersion from Mahdavi et al. (2000) ; HR: X-ray luminosity from Helsdon & Ponman (2000) , velocity dispersion from Mahdavi et al. (2000) ; B: data from Beuing et al. (1999) ; E: data from Eskridge et al. (1995) ; GR: galaxy is coincident with intracluster emission from the noted system; AGN: galaxy is associated with an active galactic nucleus. 
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a Probability that an uncorrelated sample would give the quoted value of Kendall's τ or higher by chance.
b Root-mean-square orthogonal scatter in the log-log plane.
